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Kidney disease is characterized by loss of glomerular function with clinical manifestation

of proteinuria. Identifying the cellular and molecular changes that lead to loss of protein

in the urine is challenging due to the complexity of the filtration barrier, constituted

by podocytes, glomerular endothelial cells, and glomerular basement membrane. In

this review, we will discuss how technologies like single cell RNA sequencing and

bioinformatics-based spatial transcriptomics, as well as in vitro systems like kidney

organoids and the glomerulus-on-a-chip, have contributed to our understanding of

glomerular pathophysiology. Knowledge gained from these studies will contribute toward

the development of personalized therapeutic approaches for patients affected by

proteinuric diseases.

Keywords: Proteinuria, kidney disease, single cell transcriptomics, spatial transcriptomics, kidney organoids,

kidney-on-a-chip, glomerular filtration barrier

BACKGROUND

The kidney performs filtration function of removing waste products and maintaining fluid
balance in the body. The structural unit responsible for these processes in the kidney is
the nephron constituted by the glomerulus and tubules (1). The filtration process occurs in
the glomerulus, within the glomerular filtration barrier comprised of fenestrated glomerular
endothelial cells, glomerular basement membrane [300–350 nm thick membrane containing type
IV collagen, proteoglycans, laminin and nidogen (2)] and visceral epithelial cells (podocytes)
(3). Parietal epithelial cells make up the structure of the Bowman’s capsule. The ultrafiltrate
that leaves the glomerulus passes through the Bowman’s space on its way to entering the
tubules where reabsorption and secretion processes lead to the production of urine. Proteinuria
is defined as the presence of abnormal or increased amount of protein in the urine (such as
neutrophil gelatinase-associated lipocalin (NGAL), kidney injury molecule-1 (KIM-1), cystatin
C, α1-microglobulin and Tamm-Horsfall proteins (4). Proteinuria has been recognized as a
marker of kidney disease since Hippocrates in 400 B.C. (5, 6) and is currently considered
a key diagnostic indicator of renal progression. Impairment and/or dysfunction of different
nephron compartments, glomeruli and tubules, have been shown to strongly contribute to
initiation of proteinuria (7). Inversely, recent studies have also confirmed that high levels of
proteinuria can directly damage the kidney (8). Thus, understanding the diverse functional
roles of the cells comprising the glomerular filtration apparatus and the tubular structure
in contributing to the development of proteinuria is critically important to finding new
avenues or pathways to inhibit these processes. Different in vitro and in vivo studies have
been conducted both in humans as well as in animal models, leading to important advances
in our understanding of physiological changes causing proteinuria (4, 7–9). However, the
ability to perform mechanistic studies in patients is not practical, and insights gained from
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animal studies are limiting due to differences between human and
animal physiology. In this regard, emergent technologies, such as
single cell and spatial transcriptomic as well as kidney organoids
and microfluidic systems can greatly contribute to more in-
depth understanding of the molecular origins of proteinuria,
thus helping to elucidate the key molecular pathways responsible
for the initiation and progression of these processes. Knowledge
gained from these studies will help the identification of possible
novel targets for therapeutic treatments for patients with chronic
kidney disease. In this review we will describe these approaches,
discuss their contribution to the field and pinpoint advantages
and pitfalls.

SINGLE CELL TRANSCRIPTOMIC
APPLICATIONS TO STUDY KIDNEY
DISEASE AND PROTEINURIA

Bulk RNA-sequencing (RNA-seq) approaches have been
instrumental in elucidating important characteristics about
kidney pathophysiology, but it was the development of the single
cell RNA-seq (scRNA-seq) that greatly expanded our knowledge
on kidney cell heterogeneity, allowing the characterization of
renal cell types based on gene expression of few cells. This
also opened new avenues for the comparison of transcriptomic
profiles of normal renal vs. diseased renal tissues, creating
new opportunities to uncover early mechanisms leading to
proteinuria and kidney damage.

Several reports provide in detail characterization of renal
and/or glomerular specific cell types from mice and humans
using the scRNA-seq approach. Through unbiased clustering
of scRNA-seq data Chung et al. successfully identified different
cell types in the C57BL/6J mouse glomerulus, with podocytes,
glomerular endothelial cells, and mesangial cells comprising
greater than 90% of the cells, indicating the highly successful
isolation of glomeruli (10). The remaining 10% of cells were
identified as vascular smooth muscle cells, immune cells, parietal
epithelial cells, and proximal tubular (PT) cells. Novel marker
genes and gene signatures for mesangial cells (Plvap, Prkca,
Art3, and Nt5e), vascular smooth muscle cells of the afferent
and efferent arterioles (Cnn1, Cygb), and new population of
endothelial cells (Dlk1, Ednrb) were identified. To find a genetic
and cell specific link to proteinuria, Park et al. analyzed the
expression pattern of 29 human gene homologs in mice, which
have been associated with monogenic inheritance of proteinuria
in humans (11). Unlike earlier studies that implicated defects in
endothelial cells and PT in the development of proteinuria (12–
16), they concluded that podocyte dysfunction is the primary
reason for proteinuria and could be the focus for targeted
therapeutics based on the observations that 21 out of the 29 genes
were found in only one cell type – the podocyte (11).

scRNA-seq has also been instrumental for investigating the
transcriptomic changes in cell-type specific responses to injury
within the glomerulus. Analysis of three different glomerular
injury models (BTBR ob/ob mice, doxorubicin treatment,
CD2AP-deficient mice) by Chung et al. showed minimal overlap
in terms of transcriptional responses and the cell types involved,

with the exception for mesangial cells, which showed persistent
induction of genes involved in wound healing, including distinct
patterns of expression for matrix (Col4a1, Col6a3, Col8a1)
and chemokine (Ccl2, Cxcl1, Cxcl13) associated genes in each
model (10). In contrast, in a glomerular nephritis mouse model,
injection of nephrotoxic serum induced cytoskeletal regulation,
cell adhesion and inflammatory response in podocytes on day
1 (peak proteinuria) that largely normalized on day 5, when
proteinuria was nearly resolved. In podocytes, the response to
injury was shown to be mediated through the Hippo pathway
with upregulation of YAP and TAZ genes, and their known
targets, including Ctgf, Cyr61, and Axl. The effects of injury were
more prominent in TAZ (Wwtr1-/-) or YAP (Yap1-/-) knock-out
mice at day 1 and exhibited delayed resolution, indicating that
Hippo pathway proteins are essential for podocyte recovery after
immune injury. Identifying the genes and pathways involved in
the cell’s programmed injury response holds potential to finding
new biomarkers of kidney injury and proteinuria. In addition,
scRNA-seq has been applied to study the role of sex differences on
kidney function in health as well as during disease progression.
In this regard, important differences in the segment 3 (S3) of the
PT were identified. It was found that males had high expression
of the Cyp7b1 transcript while females had high expression of
the Slc7c12 transcript (17). The differential expression of genes
in male PT cells could possibly be linked to their increased
susceptibility to ischemia compared to their female counterparts.
While no clear evidence has been found yet to corroborate these
mechanisms in humans, if these findings are confirmed they
can inform about novel sex-specific targets for the treatment
of proteinuria.

In human, applications of scRNA-seq have been widely
used to study different etiologies of CKD, including IgA
nephropathy (18), diabetic nephropathy (19), lupus nephritis
(20, 21) and others (22). Studies in IgA nephropathy revealed
increased mesangial expression of novel genes, including
MATAL1, GADD45B, SOX4, and EDIL3, and upregulation
of genes enriched in inflammatory pathways including TN,
IL17, and NOD-like receptor signaling in the tubules (18). In
early diabetic nephropathy single nucleus RNA-seq showed
increased immune cell activation and revealed cell type specific
transcriptional signature consistent with increased potassium
secretion, driven by alterations in Na+/K+-ATPase, WNK1,
NEDD4L, and mineralocorticoid receptor expression, and
decreased paracellular calcium and magnesium reabsorption
(19). In lupus nephritis kidneys, 21 disease specific gene subsets
specific for leukocytes, including myeloid, natural killer (NK), T
and B cells were identified (21). Independently, using scRNA-seq,
Chen et al. analyzed kidney biopsies affected by IgA nephropathy,
lupus nephritis and membranous nephropathy and showed that
podocytes from all these etiologies had increased expression
of FXYD5, CD74, B2M (beta-2 microglobulin, a component
of MHC class I molecules) when compared with a healthy
donor (20). Increased CD74 (a trafficking regulator and cell
membrane receptor for macrophage migration inhibitory factor)
mRNA expression has been associated with increased interaction
between podocytes and immune cells in glomerulonephritis.
In addition, B2M has pro-inflammatory properties (20). Since
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immune infiltration has been linked to proteinuria, further
research into how the upregulation of CD74 expression may
contribute to poor filtration would aid in our understanding
of proteinuria development. Increased immune cell infiltration
in the glomerulus in lupus nephritis has been shown to impair
filtration and lead to proteinuria (23, 24) suggesting that these
kind of studies could be pivotal for understanding the signaling
cascades involved in the development of proteinuria.

While great advancements have been achieved with the use
of scRNA-seq technology in the study of kidneys and acute
and chronic renal diseases, there are technical limitations,
ranging from depth of the sequencing and higher background
noise that limits the ability to detect lowly expressed genes to
high data variability that prevent more robust and in detail
data analysis. There are also biological limitations that prevent
comprehensive detection, analysis, and interpretation of scRNA-
seq data. One such limitation is the so called “transcript dropout
phenomenon”, defined by loss of transcription in large fractions
of cells that usually occurs for low or moderately expressed
transcripts. This may be explained by temporal fluctuations
in the transcription, when the expression of protein is there,
but its transcript may not be detectable for a large fraction
of the time following initial higher transcriptional activity [a
phenomenon called transcriptional bursting (25)]. There are also
limitations regarding differentiating different renal cell types,
like for example glomerular mesangial cells from other stromal
mesenchymal cell types. Since the early focus of much research
on the glomerular mesangial cells in the 1970’s, the lack of
molecular definition and absence of genetic tools have beenmajor
hurdles to study their functional role in glomerular injury. This
is because many genes typically expressed by mesangial cells,
such as PDGFRA, PDGFRB, DES, GATA3 and ITGA8 are also
highly expressed in other stromal cells (10, 26). These studies
unraveled that mesangial cells do not only possess a pericyte-
like signature, but also a prominent fibroblast-like and vascular
smooth muscle cell-like profile, suggesting that they represent
a hybrid of pericyte-vSMC (vascular smooth muscle cells) and
fibroblast.

In addition, the availability and use of different scRNA-seq
platforms and library preparation methodologies [such as CEL-
seq2/C1, Drop-seq, MARS-seq, SCRB-seq, Smart-seq/C1 and
Smart-seq2 (27)] makes it difficult to make valuable comparisons
between different studies (28). Much needed improvements in
technical and computational approaches that constitute the basis
of scRNA-seq will in the near future promote our ability to take
full advantage of single cell analysis and enable the discovery
of subpopulations of interest, benefitting our understanding of
kidney health and disease.

SPATIAL TRANSCRIPTOMIC
APPLICATIONS TO STUDY KIDNEY
DISEASE AND PROTEINURIA

Spatial transcriptomics (ST) is an emerging new technology
that enables the study of gene expression profiles in tissue
histology sections while retaining the morphological information

of the transcripts and their originating cell types (29). ST
integrates quantitative transcriptomics (30–32) with high-
resolution tissue imaging, spatially resolved in situ hybridization
technologies (33–35) and unbiased bioinformatics analysis to
facilitate the molecular characterization of tissue and cell
structures. This is accomplished using barcode-based approaches
(29, 36, 37), which in contrast to tissue dissection followed
by sequencing-based transcriptomic profiling and fluorescence
in situ hybridization (FISH) approaches, allows for whole
transcriptome spatial profiling.

The morphological context of gene expression is of critical
importance when studying cell-to-cell interactions or signaling
between different segments of a functional tissue to understand
the molecular mechanisms of tissue homeostasis vs. pathological
developments. The advent of ST creates tremendous opportunity
for understanding proteinuric kidney disease. By retaining the
positional information of cells and individual nephrons, ST
enables the study of disease heterogeneity one nephron or
nephron compartment at a time, which is critically essential
for understanding how transcriptional diversity contributes to
mosaicism of tissue phenotypes which ultimately progresses to
the development of proteinuria and renal failure.

Over the last decade, the utility of ST in biological research
has grown substantially. Many studies on different mouse
models of human disease as well as human specimen have
been performed, but mainly in the cancer field (38–40). Several
powerful commercial platforms have since emerged, including
the Visium by 10X Genomics (US), the NanoString Technologies
(US), Akoya Biosciences (US), Fluidigm, Canopy Biosciences
(a Bruker company), Lunaphore Technologies (Switzerland),
Vizgen (US) and RareCyte (US) that offer whole genome as
well as custom ST solutions (41). To this date, very few studies
reported the use of ST in the kidney setting, mainly in the acute
kidney injury (AKI) setting (42–44).

Different regions of the nephron, due to their specific
functional and metabolic needs have different susceptibility to
AKI, and are, therefore affected variably (42). ST represents a
powerful tool that can contribute to our understanding of the
spatial orientation and cellular interactions in AKI providing
nephron-segment-specific characterization of the disease
heterogeneity. Applying the 10x Genomics Visium ST platform,
Melo Ferreira et al. (43) interrogated epithelial cell-immune
crosstalk in two murine AKI models, ischemia/reperfusion
injury (IRI) and cecal ligation puncture (CLP). The distribution
of Havcr1 (hepatitis A virus cellular receptor 1, that produces
the kidney injury molecule-1 protein) expression was found
to be localized to the outer stripe region of the medulla in the
IRI model and remained unregulated in the LCP model. The
outer stripe in the IRI model co-localized with the expression of
Atf3 (activating transcription factor 3, a regulator of neutrophil
migration) in the PT S3 cells. Importantly, 52.2% of Ly6G+ and
CD11bhi neutrophils in the IRI model were found localized in the
outer stripe by immunofluorescence imaging. In the CLP model,
80.2% of the Ly6G− and CD11bhi infiltrating macrophages
co-localized with cortical PT epithelial regions, while the NK
cells were found in the cortex and outer stripe of the kidney in
the ST data, suggesting that a subpopulation of PT cells with
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Atf3 expression may be responsible for neutrophils chemotaxis
(43). A link between neutrophil recruitment and development
of proteinuria has been suggested and is currently under intense
investigation (44–46). These studies were done using human
cells and mouse models.

In addition, areas of low-expression regions were identified
when compared with sham control. In IRI, the low-expression
regions had upregulated genes highly enriched in pathways
associated with metabolism of amino acids and fatty acids, and
injury response mechanisms including apoptosis, oxidative stress
and the p38 MAPK cascade. Neutrophil migration and IL-17
signaling was associated with potential inflammatory response
of neutrophils in the IRI model. In the CLP model in contrast,
pathways enriched in low-expressing regions were associated
with p53 signaling, cell cycle arrest, apoptosis, TNF signaling and
macrophage differentiation (43).

In a mouse model of endotoxemia associated renal injury,
Janosevic et al. used integration of Visium Spatial Gene
Expression with scRNA-seq to map transcriptomic changes
from early injury into the recovery phase of the disease (47).
Using this method, spatial resolution of unique subclusters
of endothelial cell populations were plotted. Subtypes of
S3 PT called S3-Type 2 (S3T2) with unknown position in the
nephron and characterized by expression of angiotensinogen
(Agt) and other unique identifiers such as Rnf24, Slc22a7,
and Slc22a13 were localized to the outer stripe of the outer
medulla. Similarly, the same group also identified unique
features in macrophage subtypes relating to RNA kinetics
and cell differentiation, which could not be identified by
the traditional flow cytometry-based classification of M1/M2
phenotypes. Overall, combination of spatial and single cell RNA-
seq methods and analytical approaches are powerful new tools
that can provide new insight into the mechanisms of AKI
pathogenesis and facilitate the development of potential new
targets for treatment.

The study of proteinuria during CKD progression has
been particularly challenging because the mechanisms
underlying glomerular disease are many and include paracrine,
inflammatory, immune, fibrotic, proliferative, metabolic,
and apoptotic processes. Similarly, in the tubulointerstitial
compartment multiple inflammatory and pro-fibrotic pathways
contribute to the sustained fibrogenesis and renal damage
progression. Historically, in situ hybridization methods have
been applied for validation of bulk and/or scRNA seq data (48).
The applications of ST, on the other hand, have the potential
to advance the field; however, to date, no peer-reviewed data
encompassing different etiologies of CKD and including both
the glomerulus and tubules have been reported. Using ST, it
will be possible to study different human glomerulopathies and
key observations will presumably indicate the significance of
interglomerular differences during injury that may prove to be
essential for understanding how damage to the glomerulus is
initiated and how these processes prime the kidney for the onset
of proteinuria. Thus, the use of ST provides great potential to
advance our understanding of CKD, and ultimately promote
the development of personalized medicine approaches for the
treatment of kidney diseases.

Different ST platforms have specific limitations; but they
all share some drawbacks that include high processing costs,
tissue processing requirements that often are challenging and
laborious as well as region of interest resolution returning
averaged transcriptional information from several cells within the
specified area of interest (49), thus hindering the discovery of
cell type-specific spatial patterns of localization and expression.
In addition, formalin fixed paraffin embedded (FFPE) tissue
preservation remains common practice, but most available ST
methods only work satisfactorily on fresh frozen tissue, where
morphological structure analysis is inferior to FFPE. Biological
limitations in regard to glomerular mesangial cell identity crisis
and molecular signature described for the scRNA-seq holds
true also for ST but is mitigated by the possibility to spatially
determine their localization. Lastly, a major drawback of all
current techniques is that they only provide a snapshot in time
of a dynamically active tissue (49). Therefore, samples derived at
different time points would need to be studied independently to
evaluate the spatiotemporal transcriptomic signatures (49, 50).
Nonetheless, considering that ST is still in its infancy, future
optimizations and development will provide us more precise and
efficient approaches to study kidney disease.

IN VITRO APPROACHES

Despite the availability of many in vitro tools, 2D and tissue
engineering based systems are yet functionally incomplete
models of the filtration unit of the kidney, thus limiting
studies aimed at understating mechanisms of proteinuria. Our
chances of understanding glomerular mechanisms of injury
have significantly improved thanks to the development of
novel approaches such as kidney organoids or more recent
microfluidic systems.

Kidney organoids are self-organized three-dimensional
aggregations of cells that can be derived from embryonic stem
cells as well as induced pluripotent stem cells (iPSCs). A wide
range of protocols have been developed and perfectioned over
the years to obtain kidney organoids that closely resemble
the in vivo environment (51). Their potential to study the
pathophysiology of the kidney has energized efforts for the
development of more complex, better structured organoids that
more closely mimic the in vivo development and maturation.
They have quickly become a great platform to study podocyte
damage (52, 53) and genetic defects, thanks to the use of
Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR)-Cas9 technology or primary mutated iPSC lines
(54–57). Despite the great advances in the field, kidney organoids
still present several challenges for the study of the glomerular
filtration barrier and for functional studies including limited or
partial cell maturation (58), underrepresentation of specific renal
cells (59–61) as well as lack of a proper glomerular basement
membrane (GBM) (53). In fact, even though that glomeruli
organoids show maturing GBM matrisome, detectable amounts
of type IV collagen α3 and α4 chains, which are essential for
the formation of the mature basement membrane, was never
clearly presented (53). Moreover, no clear deposition of collagen
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IVα3α4α5 trimer (the major constituent of the GBM), and
proof that podocytes are fully mature, as the sole producer of
this specific collagen chains were clearly shown by western blot.
Scalability of kidney organoids for high-throughput studies was
improved thanks to bioprinting approaches (62). Common to
all organoids including kidney organoids is the lack of a proper
vascularization which limits both their long-term viability as
well as their usefulness to study organ functionality including
permselectivity and tubular reabsorption. Different approaches
have been employed to improve vascularization including the
combination of organoids and microfluidic chips (63), as well as
implantation of kidney organoids under the kidney capsule of
mouse hosts (64). In conclusion, these novel systems hold great
potential in promoting our understanding of renal development
and pathophysiology, but their practical use is still elusive and
further development is required to allow them to become a
critical tool. In particular, the potential that kidney organoids
could evolve to allow the in vitro study of proteinuria, or
mechanisms of proteinuria remains highly limited.

While kidney organoids aim to comprehensively recreate
all the renal compartments in vitro, the development of
a kidney-on-a-chip system has focused on the in vitro
generation of tubules and glomeruli. Successful development
of PT structures has been confirmed by many groups
(65, 66). However, while tubular proteinuria (inability
of tubules to reabsorb proteins) could be an interesting
target for mechanistic as well as therapeutic studies (67),
kidney tubules-on-a-chip have not been used to investigate

these phenomena, its mechanisms of action or potential
drug treatments.

Establishment of glomeruli-on-a-chip has been for long time
challenged by architectural and functional hurdles as well as
by sourcing of cells. In fact, the generation of a glomerulus-
on-a-chip was first reported in 2016, almost a decade later
compared to the corresponding models for renal tubules (68). In
a common fashion for glomerulus-on-a-chip systems, podocytes
and endothelial cells were separated in the chip by a porous
polycarbonate membrane coated with basement membrane
extracts. Assessment of proteinuria was performed by applying
mechanical force to the endothelial side, leading to cell damage,
loss of junctions, and changes to the cell’s cytoskeleton as
well as leakage (69). Deleterious effects of mechanical stress
on leakage were also studied by Musah et al. in their iPSC
generated glomerulus-on-a-chip system (70). Mechanical strain,
achieved by stretching the flexible PDMS (polydimethylsiloxane)
membrane using vacuum, lead to a greater expression of nephrin
in podocytes and promoted functionality, expressed as albumin
retention (70). Moreover, albuminuria was also confirmed in
an adriamycin mediated injury model, further supporting the
microfluidic system as a platform for pathophysiological studies
(70). At the same time, Wang at al. reported the effects
of high glucose treatment on albumin leakage in another
personalized glomerulus-on-a chip system accompanied by
oxidative stress and podocyte damage (71). In 2019, our lab
reported the development of a glomerulus-on-a-chip based on a
new approach that allowed the generation of a filtration barrier

FIGURE 1 | The advantages and disadvantages of different technologies currently applied to study cellular and molecular mechanism(s) of proteinuria.
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devoid of artificial membranes separating human podocytes
and glomerular endothelial cells, thus allowing for improved
interaction between the two cell layers as well as the de novo
generation of GBM (72). Permselectivity under normal culture
conditions as well as albuminuria following a variety of insults
including puromycin aminonucleoside damage and high glucose
exposure was confirmed. Notably, use of podocytes carrying a
collagen IV mutation (typical of Alport Syndrome) lead to loss
of permeability. We also established a model of autoimmune
disease by using sera from membranous nephropathy patients,
confirming albuminuria that was proportional to the clinical
levels of proteinuria and PLA2R antibody titer in the donors
(72). More recently, Xie et al. developed a glomerulus-on-a-
chip using a novel approach based on extruded topographic
hollow fibers and successfully confirmed permselectivity of their
platform (73). Taken together, the exciting progress in the field of
kidney microfluidic systems, while still in its initial stages, holds
the promise for new discoveries based on molecular mechanisms
of injury in the filtration barrier as well as the possibility
to apply those findings for a more personalized therapeutic
approach. The existing microfluidic systems reconstruct separate
segments of the nephron, such as the glomerulus or the tubular
compartment only and are thus limited in regard to creating
a complete functional nephron that faithfully replicates the
mechanical forces at play in the glomerular tuft and in the
tubular compartment. Additional limitations of these in vitro
systems include the absence of other key cells like, for example,
mesangial cells or macula densa cells. The in vitro systems
also lack immune cells, such as resident macrophages, which

presumably play important maintenance role in the glomerulus
(74, 75).

CONCLUSIONS AND FUTURE
DIRECTIONS

In the last decade, the development of a wide array of research
tools has significantly advanced our ability to better understand
kidney disease, its origin, and its manifestations, including
proteinuria. Single cell transcriptomics has the potential to enable
the identification of the cell type (or types) initiating, promoting,
or being damaged by proteinuria. Generation of these data is
well complemented by the inclusion of spatial data. Additionally,
development of kidney organoids and microfluidic systems has
the potential to allow, for the first time, the in vitro study of
proteinuric diseases, thus enabling both mechanistic and pre-
clinical studies (Figure 1).

Despite the great promises, the use of these tools to study
kidney disease and proteinuria is still in their infancy stage
due to both cost and efficiency issues development of improved
platforms, tailored and built upon the current needs in kidney
research will bring, in the coming years, the much-needed tools
to advance our knowledge of kidney disease.

AUTHOR CONTRIBUTIONS

EG, LP, SD, and SS conceptualized and wrote the manuscript.
All authors contributed to the article and approved the
submitted version.

REFERENCES

1. Preuss HG. Basics of renal anatomy and physiology. Clin Lab Med. (1993)
13:1–11. doi: 10.1016/S0272-2712(18)30456-6

2. Hudson BG, Reeders ST, Tryggvason K. Type IV collagen: structure, gene
organization, and role in human diseases. Molecular basis of Goodpasture and
Alport syndromes and diffuse leiomyomatosis J Biol Chem. (1993) 268:26033–
6. doi: 10.1016/S0021-9258(19)74270-7

3. Pollak MR, Quaggin SE, Hoenig MP, Dworkin LD. The glomerulus:
the sphere of influence. Clin J Am Soc Nephrol. (2014) 9:1461–
9. doi: 10.2215/CJN.09400913

4. Bökenkamp A. Proteinuria-take a closer look! Pediatr Nephrol. (2020) 35:533–
41. doi: 10.1007/s00467-019-04454-w

5. Diamantis A, Magiorkinis E, Androutsos G. Proteinuria: from
ancient observation to 19th century scientific study. J Urol. (2008)
180:2330. doi: 10.1016/j.juro.2008.08.043

6. Diamandopoulos A, Goudas P. Oreopoulos D. Thirty-six hippocratic

aphorisms of nephrologic interest Am J Kidney Dis. (2009) 54:143–
53. doi: 10.1053/j.ajkd.2009.01.275

7. Topham P. Proteinuric renal disease. Clin Med (Lond). (2009) 9:284–
9. doi: 10.7861/clinmedicine.9-3-284

8. Cattran DC. Historical aspects of proteinuria. Adv Chronic Kidney Dis. (2011)
18:224–32. doi: 10.1053/j.ackd.2011.06.008

9. Zhang A, Huang S. Progress in pathogenesis of proteinuria. Int J Nephrol.
(2012) 2012:314251. doi: 10.1155/2012/314251

10. Chung JJ, Goldstein L, Chen YJJ, Lee J, Webster JD, Roose-Girma M, et
al. Single-cell transcriptome profiling of the kidney glomerulus identifies
key cell types and reactions to injury. J Am Soc Nephrol. (2020) 31:2341–
54. doi: 10.1681/ASN.2020020220

11. Park J, Shrestha R, Qiu C, Kondo A, Huang S, Werth M, et al.
Single-cell transcriptomics of the mouse kidney reveals potential
cellular targets of kidney disease. Science [Internet]. (2018)
360:758–63. doi: 10.1126/science.aar2131

12. Maynard SE, Min JY, Merchan J, Lim KH Li J, Mondal S, et al. Excess placental
soluble fms-like tyrosine kinase 1 (sFlt1) may contribute to endothelial
dysfunction, hypertension, and proteinuria in preeclampsia. J Clin Invest.

(2003) 111:649–58. doi: 10.1172/JCI17189
13. Sun YB, Qu X, Zhang X, Caruana G, Bertram JF Li J. Glomerular endothelial

cell injury and damage precedes that of podocytes in adriamycin-induced
nephropathy. PLoS ONE. (2013) 8:e55027. doi: 10.1371/journal.pone.0055027

14. Birn H, Fyfe JC, Jacobsen C,Mounier F, Verroust PJ, OrskovH, et al. Cubilin is
an albumin binding protein important for renal tubular albumin reabsorption.
J Clin Invest. (2000) 105:1353–61. doi: 10.1172/JCI8862

15. Russo LM, Sandoval RM, McKee M, Osicka TM, Collins AB, Brown D, et al.
The normal kidney filters nephrotic levels of albumin retrieved by proximal
tubule cells: retrieval is disrupted in nephrotic states. Kidney Int. (2007)
71:504–13. doi: 10.1038/sj.ki.5002041

16. Yammani RR, Sharma M, Seetharam S, Moulder JE, Dahms NM, Seetharam
B. Loss of albumin and megalin binding to renal cubilin in rats results in
albuminuria after total body irradiation. Am J Physiol Regul Integr Comp

Physiol. (2002) 283:R339–46. doi: 10.1152/ajpregu.00752.2001
17. Ransick A, Lindström NO, Liu J, Zhu Q, Guo JJ, Alvarado GF, et al.

Single-cell profiling reveals sex, lineage, and regional diversity in the mouse
kidney. Developmental Cell. (2019) 51:399–413.e7. doi: 10.1016/j.devcel.2019.
10.005

18. Tang R,Meng T, LinW, Shen C, Ooi JD, Eggenhuizen PJ, et al. A partial picture
of the single-cell transcriptomics of human IgA nephropathy. Front Immunol.

(2021) 12:645988. doi: 10.3389/fimmu.2021.645988

Frontiers in Medicine | www.frontiersin.org 6 November 2021 | Volume 8 | Article 772883

https://doi.org/10.1016/S0272-2712(18)30456-6
https://doi.org/10.1016/S0021-9258(19)74270-7
https://doi.org/10.2215/CJN.09400913
https://doi.org/10.1007/s00467-019-04454-w
https://doi.org/10.1016/j.juro.2008.08.043
https://doi.org/10.1053/j.ajkd.2009.01.275
https://doi.org/10.7861/clinmedicine.9-3-284
https://doi.org/10.1053/j.ackd.2011.06.008
https://doi.org/10.1155/2012/314251
https://doi.org/10.1681/ASN.2020020220
https://doi.org/10.1126/science.aar2131
https://doi.org/10.1172/JCI17189
https://doi.org/10.1371/journal.pone.0055027
https://doi.org/10.1172/JCI8862
https://doi.org/10.1038/sj.ki.5002041
https://doi.org/10.1152/ajpregu.00752.2001
https://doi.org/10.1016/j.devcel.2019.10.005
https://doi.org/10.3389/fimmu.2021.645988
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Gong et al. New Tools to Study Proteinuria

19. Wilson PC, Wu H, Kirita Y, Uchimura K, Ledru N, Rennke HG, et al. The
single-cell transcriptomic landscape of early human diabetic nephropathy.
Proc Natl Acad Sci U S A. (2019) 116:19619–25. doi: 10.1073/pnas.1908706116

20. Chen Z, Zhang T, Mao K, Shao X, Xu Y, Zhu M, et al. A single-cell
survey of the human glomerulonephritis. J Cell Mol Med. (2021) 25:4684–
95. doi: 10.1111/jcmm.16407

21. Arazi A, Rao DA, Berthier CC, Davidson A, Liu Y, Hoover PJ, et al.
The immune cell landscape in kidneys of patients with lupus nephritis
[published correction appears in Nat Immunol. Nat Immunol. (2019) 20:902–
14. doi: 10.1038/s41590-019-0398-x

22. Wu H, Malone AF, Donnelly EL, Kirita Y, Uchimura K, Ramakrishnan SM,
et al. Single-cell transcriptomics of a human kidney allograft biopsy specimen
defines a diverse inflammatory response. J Am Soc Nephrol. (2018) 29:2069–
80. doi: 10.1681/ASN.2018020125

23. Atkinson C, Qiao F, Song H, Gilkeson GS, Tomlinson S. Low-dose targeted
complement inhibition protects against renal disease and othermanifestations
of autoimmune disease in MRL/lpr mice. J Immunol. (2008) 180:1231–
8. doi: 10.4049/jimmunol.180.2.1231

24. Wang Y, Hu Q, Madri JA, Rollins SA, Chodera A, Matis LA. Amelioration
of lupus-like autoimmune disease in NZB/WF1 mice after treatment with a
blocking monoclonal antibody specific for complement component C5. Proc
Natl Acad Sci U S A. (1996) 93:8563–8. doi: 10.1073/pnas.93.16.8563

25. Suter DM,Molina N, Gatfield D, Schneider K, Schibler U, Naef F. Mammalian
genes are transcribed with widely different bursting kinetics. Science. (2011)
332:472–4. doi: 10.1126/science.1198817

26. He B, Chen P, Zambrano S, Dabaghie D, Hu Y, Möller-Hackbarth K,
et al. Single-cell RNA sequencing reveals the mesangial identity and
species diversity of glomerular cell transcriptomes. Nat Commun. (2021)
12:2141. doi: 10.1038/s41467-021-22331-9

27. Ziegenhain C, Vieth B, Parekh S, Reinius B, Guillaumet-Adkins A, SmetsM, et
al. Comparative Analysis of Single-Cell RNA Sequencing Methods. Mol Cell.
(2017) 16: 631–43.e4. doi: 10.1016/j.molcel.2017.01.023

28. Chen G, Ning B, Shi T. Single-cell RNA-Seq technologies
and related computational data analysis. Front Genet. (2019)
10:317. doi: 10.3389/fgene.2019.00317

29. Ståhl PL, Salmén F, Vickovic S, Lundmark A, Navarro JF, Magnusson J, et
al. Visualization and analysis of gene expression in tissue sections by spatial
transcriptomics. Science. (2016) 1: 78–82. doi: 10.1126/science.aaf2403

30. Lowe R, Shirley N, Bleackley M, Dolan S, Shafee T.
Transcriptomics technologies. PLoS Comput Biol. (2017)
18:13:e1005457. doi: 10.1371/journal.pcbi.1005457

31. Ziegenhain C, Vieth B, Parekh S, Hellmann I, Enard W.
Quantitative single-cell transcriptomics. Brief Funct Genomics. (2018)
17:220–32. doi: 10.1093/bfgp/ely009

32. Aldridge S, Teichmann SA. Single cell transcriptomics comes of age. Nat
Commun. (2020) 11:4307. doi: 10.1038/s41467-020-18158-5

33. Gozzetti A, Le Beau MM. Fluorescence in situ hybridization:
uses and limitations. Semin Hematol. (2000) 37:320–
33. doi: 10.1016/S0037-1963(00)90013-1

34. Lim AS, Lim TH. Fluorescence in situ hybridization on tissue sections.
Methods Mol Biol. (2017) 1541:119–25. doi: 10.1007/978-1-4939-6703-2_11

35. Moffitt JR, Zhuang X. RNA imaging with multiplexed error-robust
fluorescence in situ hybridization (MERFISH). Methods Enzymol. (2016)
572:1–49. doi: 10.1016/bs.mie.2016.03.020

36. Rodriques SG, Stickels RR, Goeva A, Martin CA, Murray E, Vanderburg
CR, et al. Slide-seq: a scalable technology for measuring genome-
wide expression at high spatial resolution. Science. (2019) 363:1463–
7. doi: 10.1126/science.aaw1219

37. Teves JM, Won KJ. Mapping cellular coordinates through advances
in spatial transcriptomics technology. Mol Cells. (2020) 43:591–599.
doi: 10.14348/molcells.2020.0020

38. Berglund E, Maaskola J, Schultz N, Friedrich S, Marklund M,
Bergenstråhle J, et al. Spatial maps of prostate cancer transcriptomes
reveal an unexplored landscape of heterogeneity. Nat Commun. (2018)
9:2419. doi: 10.1038/s41467-018-04724-5

39. Nagasawa S, Kashima Y, Suzuki A, Suzuki Single-cell Y, and spatial
analyses of cancer cells: toward elucidating the molecular mechanisms of
clonal evolution and drug resistance acquisition. Inflamm Regen. (2021)
41:22. doi: 10.1186/s41232-021-00170-x

40. Lewis SM, Asselin-Labat ML, Nguyen Q, Berthelet J, Tan X, Wimmer VC,
et al. Spatial omics and multiplexed imaging to explore cancer biology. Nat
Methods. (2021). doi: 10.1038/s41592-021-01203-6

41. Genetic Engineering & Biotechnology News (2021) Top 10 Spatial Biology
Compaies. Available online at: https://www.genengnews.com/a-lists/top-10-
spatial-biology-companies/ (accessed September 03, 2021).

42. Scholz H, Boivin FJ, Schmidt-Ott KM, Bachmann S, Eckardt KU,
Scholl UI, et al. Kidney physiology and susceptibility to acute kidney
injury: implications for renoprotection. Nat Rev Nephrol. (2021) 17:335–
49. doi: 10.1038/s41581-021-00394-7

43. Melo Ferreira R, Sabo AR, Winfree S, Collins KS, Janosevic D, Gulbronson
CJ, et al. Integration of spatial and single-cell transcriptomics localizes
epithelial cell-immune cross-talk in kidney injury. JCI Insight. (2021)
6:e147703. doi: 10.1172/jci.insight.147703

44. Caster DJ, Korte EA, TanM, Barati MT, Tandon S, Creed TM, et al. Neutrophil
exocytosis induces podocyte cytoskeletal reorganization and proteinuria
in experimental glomerulonephritis. Am J Physiol Renal Physiol. (2018)
315:F595–606. doi: 10.1152/ajprenal.00039.2018

45. Hébert MJ, Takano T, Papayianni A, Rennke HG, Minto A, Salant
DJ, et al. Acute nephrotoxic serum nephritis in complement knockout
mice: relative roles of the classical and alternate pathways in neutrophil
recruitment and proteinuria. Nephrol Dial Transplant. (1998) 13:2799–
803. doi: 10.1093/ndt/13.11.2799

46. Cerullo D, Rottoli D, Corna D, Rizzo P, Abbate M, Macconi D, et
al. Characterization of a rat model of myeloperoxidase-anti-neutrophil
cytoplasmic antibody-associated crescentic glomerulonephritis. Nephron.

(2021) 145:428–44. doi: 10.1159/000515421
47. Janosevic D, Myslinski J, McCarthy TW, Zollman A, Syed F, Xuei

X, et al. The orchestrated cellular and molecular responses of the
kidney to endotoxin define a precise sepsis timeline. Elife. (2021)
10:e62270. doi: 10.7554/eLife.62270

48. Haberman Y, BenShoshan M, Di Segni A, Dexheimer PJ, Braun T, Weiss B,
et al. Long ncRNA Landscape in the Ileum of Treatment-Naive Early-Onset
Crohn Disease. Inflamm Bowel Dis. (2018) 24:346–60. doi: 10.1093/ibd/izx013

49. Maniatis S, Äijö T, Vickovic S, Braine C, Kang K, Mollbrink A, et al.
Spatiotemporal dynamics of molecular pathology in amyotrophic lateral
sclerosis. Science. (2019) 364:89–93. doi: 10.1126/science.aav9776

50. Asp M, Giacomello S, Larsson L, Wu C, Fürth D, Qian X, et al. A
Spatiotemporal organ-wide gene expression and cell atlas of the developing
human heart. Cell. (2019) 179:1647–1660.e19. doi: 10.1016/j.cell.2019.
11.025

51. Morizane R, Lam AQ, Freedman BS, Kishi S, Valerius MT, Bonventre
JV. Nephron organoids derived from human pluripotent stem cells
model kidney development and injury. Nat Biotechnol. (2015) 33:1193–
200. doi: 10.1038/nbt.3392

52. Kim YK, Refaeli I, Brooks CR, Jing P, Gulieva RE, Hughes MR, et al. Gene-
edited human kidney organoids reveal mechanisms of disease in podocyte
development. Stem Cells. (2017) 35:2366–78. doi: 10.1002/stem.2707

53. Hale LJ, Howden SE, Phipson B, Lonsdale A, Er PX, Ghobrial
I, et al. 3D organoid-derived human glomeruli for personalized
podocyte disease modelling and drug screening. Nat Commun. (2018)
9:5167. doi: 10.1038/s41467-018-07594-z

54. Chen WY, Evangelista EA, Yang J, Kelly EJ, Yeung CK. Kidney
organoid and microphysiological kidney chip models to accelerate
drug development and reduce animal testing. Front Pharmacol. (2021)
12:695920. doi: 10.3389/fphar.2021.695920

55. Freedman BS, Brooks CR, Lam AQ, Fu H, Morizane R, Agrawal V,
et al. Modelling kidney disease with CRISPR-mutant kidney organoids
derived from human pluripotent epiblast spheroids. Nat Commun. (2015)
6:8715. doi: 10.1038/ncomms9715

56. Shimizu T. Mae SI, Araoka T, Okita K, Hotta A, et al. A novel
ADPKD model using kidney organoids derived from disease-
specific human ipscs biochem biophysical. Res Commun. (2020)
529:1186–94. doi: 10.1016/j.bbrc.2020.06.141

57. Subramanian A, Sidhom EH, Emani M, Vernon K, Sahakian
N, Zhou Y, et al. Single cell census of human kidney organoids
shows reproducibility and diminished off-target cells after
transplantation. Nat Commun. (2019) 10:5462. doi: 10.1038/s41467-019
-13382-0

Frontiers in Medicine | www.frontiersin.org 7 November 2021 | Volume 8 | Article 772883

https://doi.org/10.1073/pnas.1908706116
https://doi.org/10.1111/jcmm.16407
https://doi.org/10.1038/s41590-019-0398-x
https://doi.org/10.1681/ASN.2018020125
https://doi.org/10.4049/jimmunol.180.2.1231
https://doi.org/10.1073/pnas.93.16.8563
https://doi.org/10.1126/science.1198817
https://doi.org/10.1038/s41467-021-22331-9
https://doi.org/10.1016/j.molcel.2017.01.023
https://doi.org/10.3389/fgene.2019.00317
https://doi.org/10.1126/science.aaf2403
https://doi.org/10.1371/journal.pcbi.1005457
https://doi.org/10.1093/bfgp/ely009
https://doi.org/10.1038/s41467-020-18158-5
https://doi.org/10.1016/S0037-1963(00)90013-1
https://doi.org/10.1007/978-1-4939-6703-2_11
https://doi.org/10.1016/bs.mie.2016.03.020
https://doi.org/10.1126/science.aaw1219
https://doi.org/10.14348/molcells.2020.0020
https://doi.org/10.1038/s41467-018-04724-5
https://doi.org/10.1186/s41232-021-00170-x
https://doi.org/10.1038/s41592-021-01203-6
https://www.genengnews.com/a-lists/top-10-spatial-biology-companies/
https://www.genengnews.com/a-lists/top-10-spatial-biology-companies/
https://doi.org/10.1038/s41581-021-00394-7
https://doi.org/10.1172/jci.insight.147703
https://doi.org/10.1152/ajprenal.00039.2018
https://doi.org/10.1093/ndt/13.11.2799
https://doi.org/10.1159/000515421
https://doi.org/10.7554/eLife.62270
https://doi.org/10.1093/ibd/izx013
https://doi.org/10.1126/science.aav9776
https://doi.org/10.1016/j.cell.2019.11.025
https://doi.org/10.1038/nbt.3392
https://doi.org/10.1002/stem.2707
https://doi.org/10.1038/s41467-018-07594-z
https://doi.org/10.3389/fphar.2021.695920
https://doi.org/10.1038/ncomms9715
https://doi.org/10.1016/j.bbrc.2020.06.141
https://doi.org/10.1038/s41467-019-13382-0
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Gong et al. New Tools to Study Proteinuria

58. Lebedenko CG, Banerjee IA. Enhancing kidney vasculature in tissue
engineering-current trends and approaches: a review. Biomimetics (Basel).

(2021) 6:40. doi: 10.3390/biomimetics6020040
59. Czerniecki SM, Cruz NM, Harder JL, Menon R, Annis J, Otto EA, et al.

High-throughput screening enhances kidney organoid differentiation from
human pluripotent stem cells and enables automated multidimensional
phenotyping. Cell Stem Cell. (2018) 22:929–40.e4. doi: 10.1016/j.stem.
2018.04.022

60. Wu H, Uchimura K, Donnelly EL, Kirita Y, Morris SA, Humphreys BD.
Comparative analysis and refinement of human psc-derived kidney organoid
differentiation with single-cell transcriptomics. Cell Stem Cell. (2018) 23:869–
881.e8. doi: 10.1016/j.stem.2018.10.010

61. Combes AN, Phipson B, Lawlor KT, Dorison A, Patrick R, Zappia L, et
al. Little MH. Single cell analysis of the developing mouse kidney provides
deeper insight into marker gene expression and ligand-receptor crosstalk.
Development. (2019) 146:dev178673. doi: 10.1242/dev.182162

62. Lawlor KT, Vanslambrouck JM, Higgins JW, Chambon A, Bishard
K, Arndt D, et al. Cellular extrusion bioprinting improves kidney
organoid reproducibility and conformation. Nat Mater. (2021) 20:260–
71. doi: 10.1038/s41563-020-00853-9

63. Homan KA, Gupta N, Kroll KT, Kolesky DB, Skylar-Scott M, Miyoshi T, et al.
Flow-enhanced vascularization and maturation of kidney organoids in vitro.
Nat Methods. (2019) 16:255–62. doi: 10.1038/s41592-019-0325-y

64. van den Berg CW, Ritsma L, Avramut MC, Wiersma LE, van den Berg
BM, Leuning DG, et al. Renal subcapsular transplantation of psc-derived
kidney organoids induces neo-vasculogenesis and significant glomerular
and tubular maturation in vivo. Stem Cell Reports. (2018) 10:751–
65. doi: 10.1016/j.stemcr.2018.01.041

65. Kishi S, Matsumoto T, Ichimura T, Brooks CR. Human
reconstructed kidney models. in vitro cell. Dev Biol Anim. (2021)
57:133–47. doi: 10.1007/s11626-021-00548-8

66. Gupta N, Dilmen E, Morizane R. 3D kidney organoids for
bench-to-bedside translation. J Mol Med (Berl). (2021) 99:477–
87. doi: 10.1007/s00109-020-01983-y

67. Dawnay A. Proteinuria. In: Marshall WJ, Lapsley M, R.M. Ayling A.P. Day,
editors. Clinical Biochemistry: Metabolic and Clinical Aspects. Elsevier (2014).
152–167. doi: 10.1016/B978-0-7020-5140-1.00008-0

68. Ashammakhi N, Wesseling-Perry K, Hasan A, Elkhammas E, Zhang YS.
Kidney-on-a-chip: untapped opportunities. Kidney Int. (2018) 94:1073–
86. doi: 10.1016/j.kint.2018.06.034

69. Zhou M, Zhang X, Wen X, Wu T, Wang W, Yang M, et al. Development of
a functional glomerulus at the organ level on a chip to mimic hypertensive
nephropathy. Sci Rep. (2016) 6:31771. doi: 10.1038/srep31771

70. Musah S, Mammoto A, Ferrante TC, Jeanty SSF, Hirano-Kobayashi M,
Mammoto T, et al. Mature induced-pluripotent-stem-cell-derived human
podocytes reconstitute kidney glomerular-capillary-wall function on a chip.
Nat Biomed Eng. (2017) 1:0069. doi: 10.1038/s41551-017-0069

71. Wang L, Tao T, Su W, Yu H, Yu Y, Qin J. A disease model of diabetic
nephropathy in a glomerulus-on-a-chip microdevice. Lab Chip. (2017)
17:1749–60. doi: 10.1039/C7LC00134G

72. Petrosyan A, Cravedi P, Villani V, Angeletti A, Manrique J, Renieri A, et al. A
glomerulus-on-a-chip to recapitulate the human glomerular filtration barrier.
Nat Commun. (2019) 10:3656. doi: 10.1038/s41467-019-11577-z

73. Xie R, Korolj A, Liu C, Song X, Lu RXZ, Zhang B, et al. h-FIBER: Microfluidic
topographical hollow fiber for studies of glomerular filtration barrier. ACS
Cent Sci. (2020) 6:903–12. doi: 10.1021/acscentsci.9b01097

74. Segerer S, Heller F, Lindenmeyer MT, Schmid H, Cohen CD, Draganovici D,
et al. Compartment specific expression of dendritic cell markers in human
glomerulonephritis. Kidney Int. (2008) 74:37–46. doi: 10.1038/ki.2008.99

75. Ferenbach D, Hughes Macrophages J. and dendritic cells: what is the
difference? Kidney Int. (2008) 74:5–7. doi: 10.1038/ki.2008.189

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Gong, Perin, Da Sacco and Sedrakyan. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Medicine | www.frontiersin.org 8 November 2021 | Volume 8 | Article 772883

https://doi.org/10.3390/biomimetics6020040
https://doi.org/10.1016/j.stem.2018.04.022
https://doi.org/10.1016/j.stem.2018.10.010
https://doi.org/10.1242/dev.182162
https://doi.org/10.1038/s41563-020-00853-9
https://doi.org/10.1038/s41592-019-0325-y
https://doi.org/10.1016/j.stemcr.2018.01.041
https://doi.org/10.1007/s11626-021-00548-8
https://doi.org/10.1007/s00109-020-01983-y
https://doi.org/10.1016/B978-0-7020-5140-1.00008-0
https://doi.org/10.1016/j.kint.2018.06.034
https://doi.org/10.1038/srep31771
https://doi.org/10.1038/s41551-017-0069
https://doi.org/10.1039/C7LC00134G
https://doi.org/10.1038/s41467-019-11577-z
https://doi.org/10.1021/acscentsci.9b01097
https://doi.org/10.1038/ki.2008.99
https://doi.org/10.1038/ki.2008.189
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	Emerging Technologies to Study the Glomerular Filtration Barrier
	Background
	Single Cell Transcriptomic Applications to Study Kidney Disease and Proteinuria
	Spatial Transcriptomic Applications to Study Kidney Disease and Proteinuria
	In Vitro Approaches
	Conclusions and Future Directions
	Author Contributions
	References


